In hexaploid wheat (Triticum aestivum L.) (AABBDD, C = 17 000 Mb), repeat DNA accounts for *90% of the genome, of which transposable elements (TEs) constitute 60%-80%. Despite the dynamic evolution of TEs, our previous study indicated that the majority of TEs are conserved and collinear between the homologous wheat genomes, based on identical insertion patterns. In this study, we exploited the unique and abundant TE insertion junction regions identified from diploid Aegilops tauschii to develop genome-specific repeat DNA junction markers (RJM) for use in hexaploid wheat. In this study, both BAC end and random shotgun sequences were used to search for RJM. Of the 300 RJM primer pairs tested, 269 (90%) amplified single bands from diploid Ae. tauschii. Of these 269 primer pairs, 260 (97%) amplified hexaploid wheat and 9 (3%) amplified Ae. tauschii only. Among the RJM primers that amplified hexaploid wheat, 88% were successfully assigned to individual chromosomes of the hexaploid D genome. Among the 38 RJM primers mapped on chromosome 6D, 31 (82%) were unambiguously mapped to delineated bins of the chromosome using various wheat deletion lines. Our results suggest that the unique RJM derived from the diploid D genome could facilitate genetic, physical, and radiation mapping of the hexaploid wheat D genome.
Introduction
In most plants with complex genomes, transposable elements (TEs) and other repetitive sequences are the major identifiable non-genic DNA. TEs have been associated with evolution, specifically the structural and functional alteration of genes and genomes (Kumar and Bennetzen 1999; Devos et al. 2002; Li et al. 2004; Chantret et al. 2005) , and are categorized into two classes depending on their mode of replication and transposition. Class I includes RNA transposable elements, or retrotransposons, which replicate via a ''copy-andpaste'' transposition mechanism such that a single genomic copy can be the source of numerous new insertions (Kumar and Bennetzen 1999) . Class II includes DNA transposons, which replicate via a ''cut-and-paste'' mechanism (Kumar and Bennetzen 1999) . Although both classes of TEs can cause mutations by inserting within or near genes, many insertion events are generally neutral to selection and the insertion site can be stably retained (Kumar and Bennetzen 1999) .
Retrotransposons can be further divided into long terminal repeat (LTR) and non-LTR retrotransposons. Retrotransposons (especially LTR retrotransposons that terminate in perfect inverted dinucleotide repeats, usually 5'-TG-3' and 5'-CA-3') comprise the bulk of total genomic DNA in plants with large genomes, such as wheat (Triticum aestivum), barley (Hordeum vulgare), and maize (Zea mays) (SanMiguel and Bennetzen 1998; Shirasu et al. 2000; Wicker et al. 2001) . For example, TEs make up about 80% of wheat nuclear DNA and consist almost exclusively of LTR retroelements (SanMiguel et al. 2002; Wicker et al. 2003a; Gu et al. 2004; Li et al. 2004) . DNA transposons can be divided into several families. Among them are the CACTA family, which terminate in a conserved inverted 5'-CACTA-3' and 5'-TAGTG-3' motif (Pereira et al. 1986; Wicker et al. 2003a) , and the MITEs (miniature inverted terminal repeats), which have short conserved 5'-TACT-3' and 5'-AGTA-3' inverted terminal repeats (Bureau and Wessler 1994; Wessler et al. 1995) . In general, the dispersion of repetitive DNA in the genome is random, but insertion hotspots for TEs in chromosomes of particular plant species have been reported (Kumar and Bennetzen 1999) . In the wheat genome, LTR retrotransposons are interspersed within the intergenic regions, where they form large nested insertion structures and cause massive rearrangements, mostly due to illegitimate or unequal homologous recombination (Devos et al. 2002; Wicker et al. 2003b; Chantret et al. 2005) . These recombination events often result in truncated versions of full-length LTR retrotransposons.
The evolution of hexaploid wheat involved the hybridization of 3 ancestral genomes (A, B, and D) (Kimber and Feldman 1987) . The first event was the hybridization of Triticum urartu (AA genome donor) and an unknown BB genome donor of the section Sitopsis of Triticum, resulting in a tetraploid (AABB) (Feldman et al. 1995; Blake et al. 1999) . Modern hexaploid wheat (AABBDD) is the result of a more recent hybridization event that occurred *8 000-10 000 years ago and involved an early domesticated tetraploid and an ancestral diploid, Aegilops tauschii (DD genome) (Kimber and Feldman 1987; Feldman et al. 1995) . The increase in chromosome number and consequent increase in genome size poses a challenge to wheat genomics not experienced with other diploid cereal crops, especially in the development of high-resolution physical maps based on bacterial artificial chromosomes (BACs) and the assembly of BAC contigs into their respective sub-genomes. Additionally, the presence of 3 related genomes (A, B, and D) adds to the complexity of marker development and analysis, particularly with respect to expressed sequence tags (ESTs), random fragment length polymorphism (RFLP), and simple sequence repeats (SSRs). The prevalence, structure, and insertion patterns of repetitive DNA in the wheat genome suggest their potential in the development of genome-specific markers in wheat physical and genetic mapping (Devos et al. 2005; Paux et al. 2006) .
To date, several marker systems based upon TE sequences have been developed, mostly based upon polymorphism at their sites of insertion (Waugh et al. 1997; Ellis et al. 1998; Kalendar et al. 1999 ). This property has been exploited in developing molecular marker systems for genetic analysis within cereal grass and legume species (Waugh et al. 1997; Kalendar et al. 1999; Yu and Wise 2000) . The sequencespecific amplification polymorphism (S-SAP) markers are the most popular TE-based markers developed and deployed in barley (Waugh et al. 1997) , pea , maize (Casa et al. 2000) , oat (Yu and Wise 2000) , and Medicago sativa (Porceddu et al. 2002) . S-SAP is a multiplex amplified fragment length polymorphism (AFLP) technique that displays individual retrotransposon insertions as bands on a sequencing gel (Waugh et al. 1997; Ellis et al. 1998 ). Other TE-based marker systems include the retrotransposon microsatellite amplified polymorphism (REMAP) method, which detects polymorphisms between amplification of retrotransposons proximal to a simple sequence repeat (microsatellite) (Kalendar et al. 1999) . In addition, a PCR-based system that detects retrotransposon insertion using a primer derived from the TE and its flanking DNA sequence has been reported. This system utilizes retrotransposon-based insertion polymorphism (RBIP), where different allelic states (presence and absence of the retrotransposon insertion) at a locus can be revealed (Flavell et al. 1998) . Previous studies by Devos et al. (2005) demonstrated the potential of utilizing repeat element boundaries to generate molecular markers. In this work, the authors exploited the RBIP technique to generate repeat DNA junction markers (RJM) for mapping 4 randomly chosen BAC clones to wheat chromosome arms. Recently Paux et al. (2006 Paux et al. ( , 2008 and McNeil et al. (2008) demonstrated that BAC end sequences (BES) could be used to generate insertion-site-based polymorphism (ISBP) markers for genetic and physical mapping in wheat chromosome 3B. While the work of Devos et al. (2005) and Paux et al. (2006 demonstrated the use of repeat DNA junctions from wheat BACs or BES, the studies did not address the use of diploid progenitors to facilitate RJM development in hexaploid wheat. In this article we report the rapid development of genome-specific PCR-based RJM using BES and random shotgun sequences from the D genome donor Ae. tauschii for use in hexaploid wheat.
Materials and methods

BAC end sequencing
Aegilops tauschii BAC clones for BAC end sequencing were cultivated in 96-deep-well blocks at 37 8C with shaking at 300 r/min for 21 h in 2Â YT bacterial growth medium supplemented with 1% (v/v) chloramphenicol (Teknova, Hollister, California). Cells were harvested by centrifugation and BAC DNA preparation was done using the R.E.A.L. Prep 96 Plasmid Kit (QIAGEN, Valencia, California). BAC end sequencing and analysis was carried out as described previously by Huo et al. (2006) but using 3.0 mL of BAC DNA in a 10 mL sequencing reaction with the Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, California).
Primer design from repeat DNA junction regions
Repeat DNA junction primers were designed from *1 600 BES generated in this study, and 5 000 Ae. tauschii-derived shotgun sequences (Li et al. 2004 ) downloaded from GenBank. A custom Perl script (http://www.perl.com) Repeat DNA Junction Marker Finder (RJMfinder) program was developed to identify repeat DNA junctions by BLASTN comparing the Ae. tauschii sequences against the Triticeae repeat sequence database (TREP) (http://wheat.pw.usda.gov/ ggpages/ITMI/Repeats/blastrepeats3.html). To maximize RJM development, BLAST results were also manually analyzed to identify repeat DNA junctions that were not detected by RJMfinder. The primer spanning the repeat DNA junction was designed to have *16 bp of the 5' sequence upstream from the junction site, and *4 bp downstream from the junction site, independent of the strand. Repeat junction primers designed in this automated fashion were manually inspected to validate the repeat element junctions by blasting the BES and random sequences against TREP (Fig. 1 ). Primers were designed so that one primer in the primer pair spanned the repeat DNA junction while the other primer was designed to amplify a product of approximately 150 to 450 bp (Fig. 2) .
All primer pairs designed were tested using PCR to evaluate their amplification success rate on both Ae. tauschii and hexaploid wheat (Chinese Spring) genomic DNA. Successful primer pairs were mapped using nullisomic-tetrasomic (NT) (Sears 1954 ) and deletion lines .
Cytogenetic stocks
A set of NT lines from the wheat D genome (N1AT1D, N2DT2A, N3DT3B, N4DT4A, N5DT5B, N6DT6A, and N7DT7A) (Sears 1954 ) was used to assign each repeat junction primer pair to individual D-genome chromosomes of hexaploid wheat. For chromosome arm sub-localization, deletion lines with breakpoints and bins at various regions of chromosome 6D were used . Repeat junction primer pairs were mapped to chromosome 6D bins flanked by breakpoints (noted in terms of fraction length, FL) of the largest deletion possessing the marker and the smallest deletion lacking it. All the aneuploids and deletion stocks were developed in the Chinese Spring genetic background. The genetic stocks were provided by the Wheat Genetics Resource Center, Kansas State University, Manhattan, Kansas.
Deletion mapping
Genomic DNA from NT lines and controls (Ae. tauschii and Chinese Spring) was extracted according to the method reported previously (Riede and Anderson 1996) . PCR was then performed in a total volume of 20 mL with 5 mmol/L of each dNTP, 5 mmol/L of each primer, 0.2 units GoTaq polymerase (Promega, Madison, Wisconsin) with 5Â buffer, and 100 ng template DNA. The temperature regime consisted of a 4 min initial denaturation step at 94 8C, followed by 35 cycles of 94 8C for 20 s, 57 8C for 20 s, and 72 8C for 60 s, and a final extension at 72 8C for 5 min. PCR products were then separated on 2.5% Metaphor agarose 1Â TAE gels (Cambrex Bio-Science Inc., Rockland, Maine). 
Results
Strategy for developing repeat DNA junction markers
Previously, we reported that sequence organization at the Glu-1 loci is generally conserved between homologous wheat genomes and that the majority of TEs in the intergenic regions are shared or collinear based on identical insertion patterns . In contrast, TE insertion and sequence organization in the intergenic regions do not appear to be shared between homoeologous A, B, and D genomes, largely due to differential insertion and fast turnover of TEs after divergence of the A, B, and D genomes (Gu et al. 2004 ). In the present study, we utilized the sequence conservation between homologous D genomes (T. aestivum and Ae. tauschii) and divergence among homoeologous genomes (A, B, and D of T. aestivum) to generate genome-specific repeat DNA junction markers for use in hexaploid wheat. This is based on the assumption that the sequence in the junction region that specifies the insertion of a TE will be unique for the genome carrying that insertion. The first requirement for this approach was identification of repeat DNA junctions ( Fig. 1 ) in sequences derived from the D genome diploid progenitor Ae. tauschii using RJMfinder or manual BLAST. Because transposable elements have defined structures with conserved terminal inverted repeat (TIR) motifs, RJMfinder identifies junction regions by these motifs. For example, a full-length LTR retrotransposon possesses either the 5'-TG-3' or 5'-CA-3' dinucleotide motif in the beginning or ending of the LTR sequence. These unique 5' or 3' TIR motifs were used in the RJMfinder program to determine the junction of the insertion of a full-length LTR retrotransposon. Similarly, the TIR motif 5'-CACTA-3' or 5'-TAGTG-3' was used to identify the insertion of CACTA elements, and 5'-TACT-3' or 5'-AGTA-3' was used to identify the insertion of MITEs. In the wheat genome, many TEs are truncated or fragmented owing to genomic changes such as deletion. They often lack recognizable TIR motifs and cannot be detected by RJMfinder. Therefore, manual processing of the BLASTN results was necessary to maximize the identification of these repeat DNA junction regions.
We screened about 1 600 BES and 5 000 random sequences derived from the D genome donor Ae. tauschii for repeat element junctions using either automated (RJMfinder Perl script) or manual BLAST searches against TREP. The precise location of the identified repeat DNA junction was validated by BLAST alignment on TREP between the diploidderived sequences and the identified repeats. Our analysis of BES and random sequences from Ae. tauschii revealed that different types of repeat DNA junctions are present at different frequencies in the wheat D genome (Table 1) . Of the various repeat DNA junctions retrieved from screening Ae. tauschii sequences, 300 were randomly selected to design primer pairs for further analysis (Tables 1 and 2, Table S1 2 ). It was found that 147 (49%) of the repeat DNA junctions Strategy for designing repetitive DNA junction primers. The forward primer (F1) in the F1 and R1 primer pair set and the reverse primer (R2) in the F2 and R2 primer pair set are specific and span the repeat DNA junction. The other primer in each primer pair is farther from the repeat DNA junction, depending on the repeat junction primer parameters and the expected amplification fragment size. Therefore, two primer pair sets can be developed for each repeat junction region. However, only one primer pair set was used for RJM development. Note: Different types of repeat DNA junctions were used to generate primers. Primers derived from Ae. tauschii were analyzed for rate of successful amplification using PCR on Ae. tauschii and hexaploid wheat genomic DNA.
were derived from retrotransposon within retrotransposon insertions, consistent with the notion that retrotransposons constitute a major portion of the wheat genome (SanMiguel et al. 2002; Wicker et al. 2003a Wicker et al. , 2003b Gu et al. 2004 ). Retrotransposons were frequently associated with each other, forming large blocks of complex nested structures in the intergenic regions (SanMiguel and Bennetzen 1998 ). In contrast, DNA transposon-derived junctions occurred less frequently than retrotransposon-derived junctions. Most of the DNA transposons were associated with other nonrepetitive sequences (low-copy, coding, or unknown sequences) ( Table 1, Table S1 ).
Analysis of repeat DNA junction markers in diploid and hexaploid wheat
To determine the success rate of this methodology, RJM primers were tested for amplification using Ae. tauschii genomic DNA. Because TE insertion sites are unique, a primer spanning a specific TE junction typically yields a single amplification band as visualized on the agarose gel (Fig. 3) . Moreover, because one primer of the pair is specific to the unique repeat junction in the genome, the other primer can be designed either upstream or downstream, irrespective of the region's repetitive or single-copy status (Fig. 2) . Of the 300 RJM primer pairs tested, 269 (90%) successfully amplified a single fragment from Ae. tauschii genomic DNA, suggesting the uniqueness of RJM primers in the genome. Only 31 primer pairs (10%) failed or had inexplicable amplification results (Table 1, Fig. 3) .
The RJM primers designed from the Ae. tauschii sequences were used to examine repeat DNA junction conservation between the two homologous wheat D genomes. Two hundred and sixty nine RJM primer pairs that successfully amplified Ae. tauschii were tested on hexaploid wheat genomic DNA ( Fig. 3; Table 1 ). Of those 269 RJM primer pairs, 260 (97%) produced a single amplification band as visualized on the agarose gel using hexaploid wheat genomic DNA, while 9 (3%) amplified Ae. tauschii genomic DNA only (Fig. 3,  lane 2) . RJM primers designed from retrotransposons (class I) had a slightly higher rate of successful amplification (198 primers or 91%) compared with those designed from DNA transposons (class II) (71 primers or 86%) ( Table 1) .
Anchoring repeat DNA junction markers onto wheat chromosomes
Physical mapping of DNA markers in wheat has been facilitated by the availability of a vast wealth of aneuploid stocks (Sears 1954; Endo and Gill 1996) . The use of NT lines, where the lack of one chromosome pair is compensated by the presence of an extra homoeologous chromosome, has facilitated the mapping of molecular markers to chromosomes and chromosome arms.
We first anchored the Ae. tauschii-derived RJM onto individual hexaploid wheat D-genome chromosomes using the NT lines of Chinese Spring (Table 2, Fig. 4 ). Of the 260 RJM primer pairs that successfully amplified both diploid and hexaploid wheat, 228 mapped unambiguously to a single locus on the homologous D-genome chromosomes of hexaploid wheat, while 32 (12%) produced a single PCR amplification band in all NT lines (Table 2, Fig. 4 ). Therefore, these 32 primer pairs cannot be unambiguously mapped to specific chromosomes of the hexaploid wheat D genome. Based on these data, the effective transfer of RJM from the diploid D genome to specific chromosomes of hexaploid wheat is 85% (228/269). Among the 32 RJM primers that mapped to all NT lines, 16 were from retrotransposonderived junctions, 14 were from DNA transposon-derived junctions, and 2 were from retrotransposon-DNA transposon junctions (Table 2) . Although it is not clear why these primers failed to map to an individual chromosome, the result could be partially explained by the observation that a small number of TE insertions are shared between homoeologous wheat genomes (Gu et al. 2004 ).
Deletion bin mapping
Wheat aneuploid stocks, including deletion lines, are valuable resources for mapping large numbers of wheat EST or molecular markers to chromosomal bin regions delineated by neighboring deletion breakpoints (Qi et al. 2003) . To evaluate whether the RJM primers can be precisely anchored to chromosomal bins on individual chromosomes, the 38 primer pairs assigned to chromosome 6D were further examined by deletion bin mapping. We examined the absence or presence of expected PCR products in deletion lines missing portions of the chromosome 6D arms (Table 2; Fig. 5 ). This allowed us to locate the mapped primer pairs to their respective sub-chromosomal regions (bins) on the hexaploid wheat chromosome 6D map (Fig. 6) . The available deletion bin lines divided chromosome 6D into 12 bins. The distribution of deletion bins along chromosome 6D is uneven: 6DL has a higher number of deletion bins (8 bins) than 6DS (4 bins) (Fig. 6) . Of the 38 RJM primer pairs mapped to chromosome 6D, 31 (82%) were successfully assigned to various bins on 6D (Fig. 6) . The 7 unassigned RJM most likely fall within regions of chromosome 6D lacking a deletion bin, especially the centromeric region, which is usually not covered by deletion bin mapping (Qi et al. 2003 (Qi et al. , 2004 . Therefore, these RJM could be useful for mapping at the centromeric region. On 6DS, 6 markers were located in bin Fig. 3 . PCR amplification of RJM primers tested on diploid Ae. tauschii and hexaploid wheat genomic DNA. Presence of a PCR product on both hexaploid wheat (Triticum aestivum L. 'Chinese Spring') and Ae. tauschii shows that the repeat element junction is conserved on both D genomes.
Fig. 4.
Cytogenetic mapping of RJM primers onto specific hexaploid wheat D-genome chromosomes using Chinese Spring nullisomictetrasomic lines. The amplification products of primers RJM-HD003G15R and RJM-HD003I17F assign to chromosomes 7D and 6D, respectively.
6DS6, 3 in bin 6DS4, and 4 in bin 6DS2. Most of the RJM primer pairs were assigned to 6DL bins, and bin 6DL6 (0.29-0.47) had the highest number of RJM (Fig. 6 ).
Anchoring BAC contigs to the physical map
The tendency of EST markers to map to all 3 homoeologous wheat genomes makes them inefficient for precisely anchoring BACs and BAC contigs on the wheat physical and deletion maps. Here, we sought to demonstrate the potential of RJM for anchoring BACs and BAC contigs onto deletion maps because of their genome specificity. If mapped RJM are derived from end sequences of BAC clones that have been fingerprinted and assembled into contigs, we can directly assign the associated contigs to specific chromosomal bins. Two RJM, RJM-HD003I17F and RJM-HD001O21F, were mapped to deletion bins 6DL6 and 6DS6, respectively (Figs. 7A, 7B ). The two BACs from which these markers were designed were identified in their FPC (FingerPrinted Contigs) contigs in the wheat D-genome physical map database (http://wheatdb.ucdavis.edu). RJM-HD003I17F was located on FPC contig 3320 (Fig. 7A ). FPC contig 3320 had 3 associated EST markers, BE426301, BE442681, and BE637610. EST marker BE442681 was associated with multiple contigs, while BE637610 and BE426301 were associated only with contig 3320. Additionally, BE426301, BE442681, and BE637610 mapped to multiple bins on homoeologous wheat chromosomes (GrainGenes-SQL database; http://wheat.pw.usda.gov/ cgi-bin/westsql/map_locus.cgi). In this study, RJM-HD003I17F was specifically assigned only to 6DL6 (Figs. 6, 7A) . Therefore, it is likely that contig 3320 maps to 6DL6. RJM-HD001O21F was located on contig 9613, which was not previously mapped to the wheat genome owing to lack of anchored markers. Because RJM-HD001O21F was derived from the BAC clone in this contig, we can now assign contig 9613 to 6DS6 (Fig. 7B) . Taken together, our results demonstrate the value of RJM in accurately anchoring contigs to the physical and deletion maps.
Discussion
In the present study, we demonstrated the potential of using the ancestral wheat diploid genomes as a resource for generating rapid PCR-based genome-specific repeat DNA junction markers for use in hexaploid wheat. Owing to the high sequence conservation in the intergenic regions between homologous wheat genomes , the conserved colinearity and identical insertion pattern of repeat elements identified in the ancestral D genome of Ae. tauschii can be utilized as an excellent source of genome-specific repeat DNA markers for the D genome in hexaploid wheat. 
Analysis of genome-specific repeat DNA junction markers
Because of the unique and putatively non-sequence-biased transposition mechanism of transposable elements (Bennetzen 2000), most insertion regions in the genome have been observed to be unique. Devos et al. (2005) , Paux et al. (2006 ), and McNeil et al. (2008 demonstrated the potential of using repeat element insertion boundaries to generate molecular markers in hexaploid wheat. These repeat boundary markers were derived from sequences of the hexaploid wheat genome. In our study, primers were derived from the diploid D genome, making it theoretically unnecessary to verify the genome specificity of the markers when used in hexaploid wheat. We found that only 3% of markers derived from Ae. tauschii failed to map onto the D genome of hexaploid Chinese Spring, suggesting that approximately 97% of repeat junctions are conserved between the two homologous genomes.
The successful use of RJM primers as markers in hexaploid wheat depends on conservation of the TE junction between the collinear regions of two homologous genomes. Generally, the Ae. tauschii and T. aestivum D genomes are highly related and their chromosomes show complete pairing (Gill and Raupp 1987) . Additionally, previous studies have demonstrated that most AFLP and RFLP markers are shared and collinear between the Ae. tauschii and T. aestivum genetic maps (Boyko et al. 1999) . In this work, a transferability of 97% of RJM primers from diploid to hexaploid wheat indicates a very high level of sequence conservation in the flanking regions of the repeat DNA junctions between hexaploid wheat and the D-genome progenitor accession (Ae. tauschii) selected in this study. Our result indicates that the majority of TEs in hexaploid wheat were inherited from the ancestral genomes and that TE insertion patterns and conservation in related homologues have not drastically changed since polyploidization.
Accurate identification of repeat junction regions is critical for efficient development of RJM. Our screening of diploid wheat sequences revealed a considerable number of unique repeat DNA junctions: up to 20% of the BES and random sequences. The RJMfinder program identified repeat DNA junctions in 11% of the sequences, and we found that manual involvement was necessary to identify junctions in an additional 9% of sequences. Paux et al. (2006) reported that 10% of BES could be used to develop evenly distributed PCR-based chromosome-specific markers in wheat. Improvement of the RJMfinder software could result in a better automated search result. For example, with the current version of RJMfinder software, the sequence was blasted only against TREP. When the TE is inserted into single-copy or gene sequences, manual involvement is necessary to specify the nature of the repeat junction. Several factors could affect the results of searches for repeat junctions. In our study, we attempted to include various scenarios of repeat junctions (Table S1 ). In addition, the length of each BES and shotgun sequence can directly affect the rate of success in generating RJM. In general, a shorter sequence will make it harder to design primers for PCR amplification even if a repeat junction is detected.
Given that retroelements are the major repeat class in plant genomes (Bennetzen 2000) , it is not surprising that retrotransposon-derived junctions provided the highest number of RJM. Retrotransposon-derived RJM also exhibited a slightly higher amplification success rate than DNA transposon-derived junctions (Table 1) . Despite large copy number, DNA transposons such as MITEs show a strong preference for insertion into genic DNA, which could lead to more stable and long-lasting integration. Colinear MITE insertions were identified in the orthologous Glu-1 regions from the A, B, and D genomes of wheat (Gu et al. 2004) . Hence, RJM derived from these junction regions will result in ambiguous or non-scorable PCR amplification, given the triplicate nature of the hexaploid genome. We found that RJM from MITE-derived junction regions have a lower success rate than those from retrotransposon-derived junction regions.
Repeat DNA junction markers as a tool in wheat mapping
Molecular markers have important applications in many aspects of plant research, including genetic and physical mapping, marker-assisted breeding, and map-based cloning (Landjeva et al. 2007 ). However, development of molecular markers from gene or EST sequences for hexaploid wheat is quite difficult owing to the presence of 3 closely related homoeologous chromosomes in the genome. In wheat, most genes are present in clusters that occur more frequently in the distal parts of the homoeologous chromosomes Erayman et al. 2004) . Therefore, markers derived from gene sequences are usually unevenly distributed along the chromosomes. In addition, most eukaryotic genomes are often organized in gene-rich regions separated by gene-poor regions (Sumner et al. 1993) . Sequence analyses of largeinsert wheat BAC clones and random shotgun sequences revealed that repeat DNA, accounting for over 80% of the genome, is present in genic and intergenic regions (Wicker et al. 2001 (Wicker et al. , 2003b SanMiguel et al. 2002; Li et al. 2004; Paux et al. 2006; Gu et al. 2006) . Hence, repeat DNA sequences are dispersed throughout the length of all the wheat chromosomes (Paux et al. 2006 ). This uniform distribution gives RJM an inherent advantage over markers derived from genes or ESTs. Our study showed that RJM are abundant in large, polyploid, and highly repetitive genomes. They are unbiased with respect to chromosomal locations and can be easily generated for both genic and intergenic regions, covering the entire genome. They are PCR-based markers and easy to map with high success rates, as compared with Southern hybridization-based mapping. In the fu- ture, a high-throughput platform can be adopted when RJM primers are florescently labeled and products are separated by capillary electrophoresis.
RJM have been demonstrated to be a useful tool in Triticeae genomics research (Devos et al. 2005; Paux et al. 2006; McNeil et al. 2008) . Recently, Paux et al. (2008) further demonstrated the utility of this type of marker for physical, genetic, deletion, and radiation hybrid mapping during the construction of a physical map of chromosome 3B of hexaploid wheat. In that study, markers were derived mainly from the BES of wheat chromosome 3B-specific libraries constructed using chromosome-sorting technology (Paux et al. 2006 ). In the current study, we demonstrated that RJM derived from the ancestral D genome can be directly used in genome-wide deletion-bin mapping for the D genome of hexaploid wheat. This will allow us to rapidly develop genome-wide, genome-specific RJM, with no need for further genome assignments. This technology could be applied to other wheat genomes, since the other ancestral diploid genomes of hexaploid wheat are well characterized, such as the A genome of the diploid T. urartu. However, the transfer efficiency of RJM from the diploid A genome to the A genome of hexaploid wheat will need to be further examined.
Of 38 RJM primer pairs mapped to chromosome 6D, 31 (82%) were successfully assigned to 10 bins on 6D. Our result showed unbiased distribution of RJM along 6D as compared with the EST-derived deletion bin map (Qi et al. 2003 (Qi et al. , 2004 . Although the physical location of the other 7 RJM on 6D were not determined, we know that certain regions along the chromosome are not covered by deletion bins, especially centromeric regions, where deletions often cause lethal effects. Therefore, markers close to the centromeric regions are often difficult to map. Given that 38 RJM were unambiguously mapped to chromosome 6D and only 31 (82%) of these were anchored to the 10 bins, it can be roughly estimated that 18% of chromosome 6D is not covered by the available deletion bin lines. Deletion bin mapping provides an efficient approach to map markers to delineated bin locations on an individual chromosome (Qi et al. 2003 (Qi et al. , 2004 . However, deletion bin maps have certain limitations due to low resolution. The average size of wheat deletion bins using available deletion lines is *2 Mb and the markers within the bins are not ordered (Qi et al. 2003) . A high-resolution radiation hybrid map with *199 kb/break has been reported for the wheat 1D chromosome (Kalavacharla et al. 2006) . The RJM will be especially powerful in construction of radiation hybrid maps . Efforts are underway to utilize these genome-specific RJM to facilitate construction of a high-resolution radiation hybrid map for the wheat D genome.
High-resolution BAC-based physical maps are invaluable resources for plant research including genome sequencing, comparative genomics, and map-based cloning of important agronomic traits (Gupta et al. 2008) . However, the large size, polyploidy, and highly repetitive nature of the hexaploid wheat genome make it difficult to develop thousands of unbiased markers. We imagine that genome-wide physical mapping will be much more challenging in hexaploid wheat because of its triplicate genome. Markers derived from EST and gene sequences will often detect multiple homoeoloci among chromosome groups. The unique genomespecific RJM derived from ancestral genomes could provide an alternative strategy for resolving this problem by clearly separating and anchoring BAC contigs to specific subgenomes and chromosome regions. Additionally, RJM contribute additional reference points on the genome and add to already existing SSR markers (Roder et al. 1998; Pestsova et al. 2000) and EST markers (Qi et al. 2003 (Qi et al. , 2004 . The use of RJM will be complementary to other efforts to develop complete physical, genetic, and radiation hybrid maps for crops with large and highly repetitive genomes.
